1. Background {#S1}
=============

Schizophrenia-spectrum disorders are among the world's most disabling illnesses [@R144]. Despite the striking nature of psychotic symptoms in schizophrenia, and partially related to cognitive deficits, the most debilitating problem in these conditions is impairments in everyday functioning, which spans major functional domains of independence in residence, productive activities, and social interactions [@R82]. An increasingly complex society has increased the level of everyday functional demands, including life and health maintenance, perception--cognition, physical self-maintenance, purposeful activity resulting from the motivation to explore, and social behaviors, requiring evolving skill sets and effective deployment thereof. In schizophrenia, the breadth of resultant impairments across activities of daily living (ADLs) from the most basic (i.e., bathing, brushing teeth) to the more involved (instrumental ADLs; for example, financial and medication management, community mobility, shopping, housework; job skills) requires targeted assessments that can quantify the level of dysfunction and reveal, when relevant, the physical parameters associated with specific physical and psychological skills, and how they interact with each other to produce disability. Our conceptual framework defines a successful endpoint in the treatment of schizophrenia as adequate functioning in the community, including residential, vocational and social settings. Effective participation in each of these settings requires the *ability to function successfully in the physical environment*, which includes *physical capacity and motor abilities*, as well as translation of those skills into *goal-directed physical activity behavior* in each of these settings. This has been a highly neglected topic in the past.

Embedded in the discussion of physical performance as it relates to independence is a larger ecological factor, the unprecedented obesity epidemic throughout developed nations, with the US showing the highest prevalence. Poor physical health, associated with excess body fat and related cardiometabolic derangements, is pervasive in schizophrenia, even more so than in the society at large, and is underpinned by the patients' excessively low levels of physical fitness. A vicious cycle of physical impairment and low activity levels, exacerbated by symptomatic and cognitive deficits, may represent a major impediment to effective everyday functioning in schizophrenia. We argue that improving physical performance in schizophrenia is a neglected topic that, if effectively addressed, can lead to meaningful reductions in disability, including reduced symptoms and improved cognition, beyond those which can be achieved using current approaches.

This is because everyday activities require complex environment-bound interactions among health-related, cognitive- and physical performance variables. Without adequate physical performance levels, everyday functioning suffers on every level, as do cognition and skills deployment. The aggregate of the components of physical performance, including endurance, strength, power, flexibility, balance, mobility, flexibility, motor coordination, muscle mechanics, and gait efficiency, strongly correlates with everyday outcome in the Western population as a whole. Underlying neurobiological and treatment-emergent motor deficits of schizophrenia aside, physical performance components represent variables that, just as in mentally healthy people, offer accessible targets for interventions to improve ADLs, while also improving cognition and health. We believe that improving functioning of people with schizophrenia is possible using training programs which specifically target the patterns, skills and levels of physical decline inherent to this disease. We present in this paper, training options which provide the greatest potential for enhancing independence and improving metabolic health in these patients, and the rationales supporting their use.

2. Physical performance factors in mentally healthy people {#S2}
==========================================================

Physical performance, defined as the ability to perform muscular work satisfactorily [@R20], is imperative for all activities of daily living (ADLs) including basic and instrumental ADLs, and mobility tasks important for independent living [@R78]; [@R119]. Understanding the differential contribution of various physical performance factors facilitates the development effective interventions aimed at preserving and improving independence.

In the general population, psychiatric symptoms, cognitive performance, number of physical health limitations and age all explain variance in disability. These factors, however, do not confound the robust relationship between physical performance and disability, making physical performance the strongest predictor of ADL limitations [@R195]. These limitations reduce independence and the quality of life on an individual, and subsequently increase disability levels and commensurate healthcare costs to society.

2.1. Sarcopenic obesity {#S3}
-----------------------

The US is facing an obesity epidemic of unprecedented magnitude. Two thirds of the population (68.8%) is overweight [@R64]. Obesity rates (BMI \> 30) exceed one-third in most sex--age groups [@R65]. Recent projections by the CDC estimate an additional 33% increase in obesity and a 130% increase in severe obesity (BMI \> 40) over the next 2 decades [@R62]. Excess body weight and attendant poor metabolic health limit everyday functioning [@R116]; [@R94], especially when combined with other behaviors such as smoking or a sedentary lifestyle [@R167]. A shift in body composition towards increased adiposity and reduced muscle mass due to inactivity reduces all factors associated with physical performance. Termed *sarcopenic obesity* (*literally 'fat with little flesh*'), increased adiposity and reduced muscle mass when combined with *gradual age-related losses in muscle quality, mass, and strength*, often reduce ADL performance. Sarcopenic obesity is associated with a three- to fourfold increase in the likelihood of disability, moderated by lifestyle factors, health behaviors, and socioeconomic status [@R6], [@R7]; [@R31]. Sarcopenia increases mobility limitations [@R49]; [@R138]; [@R204] and worsens CVD (cardiovascular disease) risk [@R34]; [@R35]; [@R40]; [@R46]; [@R102]; [@R136]; [@R161]; [@R169].

2.2. Obesity-related health status and comorbidities {#S4}
----------------------------------------------------

Adverse cardiometabolic changes, such as elevated fasting blood triglycerides, low levels of high-density lipoprotein, high fasting blood glucose, and elevated blood pressure, are all markedly accentuated by weight gain. The resultant micro- and macrovascular end-organ damage worsens existing patterns of decline in musculoskeletal, respiratory and cardiovascular system functions. Once manifest, these comorbidities and their sequelae, (i.e., coronary artery disease, angina pectoris, diabetes mellitus and peripheral neuropathy, hypertension, stroke) carry overt functional implications by themselves [@R157], which are amplified by dynapenia [@R34]; [@R46]; [@R102]; [@R161]; [@R176].

2.3. Muscle strength and power {#S5}
------------------------------

In healthy individuals, bone and muscle grow in harmony with changes in weight. This adaptive physiological mechanism is impaired in obesity. A progressive mismatch between body mass and strength occurs because of a progressive decline in muscle quality including: decreased fiber size and number, reduced intrinsic contractility; fat infiltration; motor unit restructuring, and impaired neurological modulation of contraction [@R175]; [@R198]. Obese persons with their higher body mass have reduced relative strength levels creating limitations in body-weight dependent daily activities such as walking, climbing stairs, rising from a chair or transferring from a lying to a standing position.

Muscle power (or work rate) is the product of the force produced by a muscle and its movement velocity [@R149]. Reduced muscular power and movement velocity are associated with a reduction in the ability to perform activities of daily living (ADLs), including stair climbing, rising from a chair and walking without assistance [@R5]; [@R68]; [@R75]; [@R207]. The relationship between gait speed and independence is well established [@R70]; [@R73]; [@R79]; [@R100]; and many ADLs, such as stopping abruptly to avoid a car at a crosswalk, recovering from a stumble, or grabbing a handrail and entering a bus depend on speed [@R41]; [@R50]; [@R173].

2.4. Flexibility {#S6}
----------------

Flexibility, defined as "an intrinsic property of the body tissues that determines the range of motion achievable without injury at a joint or group of joints", improves the compliancy of connective tissues and muscle length (sarcomerogenesis), increasing stored elastic energy, antagonist compliance and the velocity at which peak power is produced, respectively [@R51]; [@R77]; [@R92]; [@R95]; [@R210]; [@R213]. These mechanical changes increase in importance as age [@R2]; [@R97], inactivity [@R30] and obesity [@R156] further interfere with flexibility.

2.5. Balance {#S7}
------------

Balance can be defined using a number of criteria [@R174]. The role of balance in performing ADLs is complex. Balance, if only mildly impaired, such as with normal aging, may be an independent predictor of vigorous ADLs only [@R195]; whereas more pronounced balance impairments affect both basic and instrumental ADLs [@R54]; [@R118]; [@R124]. With the exceptions of visual and vestibular problems, balance can be improved through exercise training.

2.6. Mobility {#S8}
-------------

Functional mobility is the capacity to use movements such standing, bending, walking and climbing to move within an environment in order to perform ADLs [@R69]. The most common risk factors for mobility impairment are older age, low physical activity, obesity, impairments in muscle power, strength and balance, and chronic diseases such as diabetes or arthritis [@R21]; [@R112]. Dual task conditions (divided attention) also affect mobility [@R85]; as do factors such as weak social networks and limited social activities [@R215].

2.7. Cardiovascular fitness {#S9}
---------------------------

Maximal oxygen uptake (VO~2max~), or the maximal capacity of an individual to use oxygen; declines with age, further complicated by a sedentary lifestyle. VO~2max~ declines between 5% and 15% per decade beginning at 25--30 years of age due to reduced maximal cardiac output and declining maximal arterio-venous oxygen difference (a-vO~2diff~) American College of Sports Medicine Current Comment. Limitations in physical capacity predict the severity of disability in mentally healthy subjects [@R4] and compromise the ability to perform lifestyle-relevant physical activities that are necessary for social, community, and work-related functioning in diverse non-psychiatric [@R134] and psychiatric patient samples [@R168]. Moreover, low cardiorespiratory fitness has been recognized as a prominent behavioral risk factor for cardiovascular disease (CVD) and morbidity, and an independent risk factor for all-cause mortality in adults [@R12]; Kampert et al., 1996. Higher cardiorespiratory fitness decreases overall mortality rates, and morbidity and mortality due to CVD in a dose--response fashion [@R32]. These associations are quite robust and have been demonstrated to be largely independent from other major risk factors [@R12], [@R13]; [@R53].

3. Physical performance factors in schizophrenia {#S10}
================================================

The physical health status of patients with schizophrenia is extremely poor. They have higher rates of obesity and related metabolic comorbidities than the mentally healthy [@R88]; [@R93]; [@R98]; [@R131], Dyslipidemia, insulin resistance and hyperglycemia are all more common in this population [@R146], with similarly increased prevalence of CVD, type 2 diabetes, hypertension [@R29], and metabolic syndrome [@R147]. Health status-related mortality shortens the lifespan of people with schizophrenia by 25 years on average [@R88]. Reasons for excess body weight and attendant medical comorbidities are manifold, extending beyond genetic vulnerability [@R148]. In the context of socioeconomic challenges, schizophrenia leads to particularly unhealthy lifestyles that include poor diets, little exercise, marked sedentary behavior and high rates of smoking, with commensurately low physical activity levels [@R22]; [@R179]. Antipsychotic medications add deleterious adipogenic and cardio-metabolic risks [@R146]; [@R206]. Cognitive, symptomatic and functional capacity limitations worsen lifestyle-relevant ADLs and IADLs (i.e., diet, exercise, shopping for food, medical care), creating a vicious health cycle, with health risk amplified by low rates of medical screening, monitoring, and intervention.

3.1. Neurobiological limitations to motor performance {#S11}
-----------------------------------------------------

The neurodevelopmental hypothesis of schizophrenia suggests an unequivocal neurodevelopmental basis [@R111]; [@R125]; [@R143]; [@R202]; [@R205]. There is compelling literature illustrating premorbid abnormalities in patients who later go on to develop schizophrenia, including abnormalities in functional motor performance [@R66]; [@R142]. The impact of these well-established motor abnormalities on ADLs and IADLs remains unexplored.

*Abnormal [involuntary]{.ul} movements* such as spontaneous dyskinesias and Parkinsonian symptoms have been observed in neuroleptic-naive patients with schizophrenia [@R201]. Moreover, *neurological 'soft signs*' imply deficits in complex motor tasks (voluntary motor control and integrative motor function, reduced motor steadiness and excessive force) such as coordination, sensory integration and motor sequencing have been observed [@R166], and can impair motor performance. Some of those deficits are also found in first-degree relatives or offspring of patients [@R212]. *Catatonic Symptoms* have received little attention over the past few decades, but have historically been considered core aspects of schizophrenia. Pure motor signs of catatonia, including posturing, mannerisms, immobility, rigor, stereotypies, catalepsy, grimacing and waxy flexibility, are seen less and less frequently in clinical practice, but if present even on a sub threshold level can have profound impact on ADLs. Volitional aspects, including negativism, refusal to eat, withdrawal, and ambitendency, are seen more frequently than pure motor signs and can unquestionably interfere with ADLs and IADLs.

3.2. Symptomatic limitations {#S12}
----------------------------

Psychotic symptoms are important predictors of the long-term course of disability in schizophrenia [@R128]. *Negative symptoms* reduce the likelihood of patients engaging in goal-directed behavior, including physical activity. The negative symptoms that appear to have the greatest correlation with functional outcomes tend to be from the domain of motivational deficits, since they reduce the likelihood that motor skills will be effectively applied. *Positive symptoms* can have distracting effects, making it difficult for patients to focus on any given ADL. Symptoms, such as paranoia, decrease the likelihood for patients to participate mentally and physically in any particular fear-inducing situation or circumstance. Depressive disorders are common in schizophrenia, and often go undiagnosed [@R84]. The contribution of *depressive symptoms* to disability and functional capacity in schizophrenia merits greater attention [@R1]. Motor retardation factors, including psychomotor and motor slowing observed in 40%--60% of depressive episodes, are common features of depressive disorders [@R26] and reduce motor performance. Characteristic eye movements of patients with psychomotor retardation are fixed gaze and poor maintenance of eye contact, which reduce interpersonal functioning. Gross psychomotor slowing, including diminished movements of the hands, legs, torso and head and poor posture, carry overt functional implications [@R24].

3.3. Cognitive limitations {#S13}
--------------------------

Cognitive deficits interfere with motor-driven ADLs in a cascade-like manner. Lifestyle-relevant IADLs (i.e., diet, exercise, medical care) worsen with cognitive impairment, as do motor skills, reducing physical performance. In turn, the physical capacity to carry out these ADLs suffers. *Finally*, limited capacity reduces goal-directed physical activity. For example, observable slowing and reduction of various motor processes such as gait, fine motor movements, speech, facial expression, motor activity and prosody, are common in schizophrenia. Psychomotor slowing, resulting in part from reduced processing speed and interacting with other motor deficits, can exacerbate ADL disability caused by other factors (i.e., by obesity, symptoms). On a neurobiological level, lack of anticipatory reward expectation reduces the desire to plan healthy and pleasurable activities, at the cost of immediate gratification. Healthy behaviors are never learned because the benefits are intangible. While these relationships are inherent to schizophrenia, treatment options currently available fail to address these deficits and may, in fact, worsen them.

Cognitive deficits can not only worsen physical health and increase risk factors, such as obesity or metabolic syndrome, they can also worsen functional skills, further reducing ADLs. In mentally healthy individuals, elevated BMI is associated with reduced cognitive performance [@R15] changes in brain structure and function [@R208] and reduced decision making capacity [@R19]. Sequelae of chronic hyperlipidemia and of manifest hypertension and diabetes, likely worsen and cause deficits across a variety of cognitive domains [@R10]; [@R154] including attention, processing speed, memory and executive functioning [@R130]; [@R150]. Obesity reduces regional cerebral blood flow, specifically to the prefrontal cortex, negatively impacting behaviors associated with that area thereby reducing executive functioning [@R153]; [@R203]; [@R208]. Reduced frontal lobe baseline metabolism correlates with body mass index (BMI), and negatively correlates with cognitive performance [@R141]; [@R199]. The extent of cognitive dysfunction seen in obese adults is highly variable [@R105], perhaps caused by interactions or additive effects with related metabolic comorbidities. Despite the substantial quantity of developing literature on obesity and metabolic complications, and the equally large volume of literature on cognitive impairments in schizophrenia, there has been little research on the direct contributions of obesity and metabolic complications to cognitive deficits in these patients. Preliminary evidence suggests that obesity and hypertension worsen cognitive performance not only in the mentally healthy, but also in patients with schizophrenia [@R71] and bipolar disorder [@R216]. In the pertinent studies, it was determined that select metabolic parameters exerted an adverse impact on several domains of cognitive impairment in people with schizophrenia. Further, individuals with BMI scores over 25 showed a trend toward declining cognitive performance. Diabetes has also been shown to worsen cognition in schizophrenia [@R45].

3.4. Treatment-emergent motor limitations {#S14}
-----------------------------------------

Motor side effects of antipsychotic medication are well known. Patients taking clozapine, for example, show significantly lower accuracy (greater variability) of force control. The observed force control deficit may be the result of an increase in myoclonus and generally lower levels of overall motor activity [@R200]. *Sedative properties* of various antipsychotics, sometimes mistaken for negative or cognitive symptoms, can impair a person's ability to function normally in the long term [@R133]. *Anticholinergic* medications impair cognitive and psychomotor performance [@R145]. Adaptive motor learning, that is, learning of new voluntary movement patterns, may also be impaired by antipsychotic and anticholinergic medication, interfering with dopaminergic activity and perhaps muscarinic cholinergic activity used to associate temporally related motor movements [@R109].

3.5. Aging and schizophrenia {#S15}
----------------------------

Schizophrenia has been described as a syndrome of accelerated aging [@R184]. Physiological capacities, such as functional declines in work capacity, strength, endurance, muscle mass, flexibility, bone density, muscle/fat ratio, and cardiac output all decline with age, and these declines are exacerbated by a sedentary lifestyle [@R28]. It has been postulated that physiological changes in body structures and functions that are associated with normal aging occur approximately 25 years earlier in people with schizophrenia [@R113]. Normal age-emergent factors that influence disability, such as impairments in one or multiple organs or physical domains that reach a certain level of severity, common on schizophrenia, may transition patients from non-disabled to disabled states much more quickly than empirically anticipated in the healthy population, and help explain the high rates of disability seen in this population. This faster decline requires much earlier intervention to address the resultant physical limitations and ADL disability.

4. Implications for schizophrenia {#S16}
=================================

Despite the ubiquitously poor fitness levels of patients with schizophrenia and the recognized impact of fitness on health status and physical and cognitive functioning reported in non-psychiatric samples, little information is available concerning how different physical performance factors can impact health and daily activities in schizophrenia patients. Without this information targeted interventions to improve health and reduce disability are not possible [@R27]; [@R63]; [@R120].

We have developed a comprehensive model ([Fig. 1](#F1){ref-type="fig"}) to conceptualize the multimodal relationships between the known and novel factors presented above that may predict ADL disability in schizophrenia. We [@R180] and others [@R192] have already identified severe limitations in physical capacity amongst patients with schizophrenia, and their potential interactions with obesity and cardio-metabolic risk. These physical capacity limitations interfere with routine activities of daily living, leaving patients in a state of self-perpetuating physical deconditioning [@R83], akin to deconditioning states observed in other chronic, medical illness. The clear link between physical capacity and outcome in schizophrenia has already spurred novel intervention approaches designed to improve endurance, one of the many fitness parameters mentioned above [@R67]. We have also determined that pronounced body composition shifts are present early in the course of schizophrenia [@R180], indicating emerging levels of sarcopenic obesity at an early age. These findings are supported by those of other authors who have reported excess body fat in relation to body mass [@R187]. Moreover, we are beginning to understand the cognitive benefits of cardiovascular fitness training in healthy and schizophrenia populations. It is, in fact, becoming increasingly evident that physical capacity improvements have much broader functional benefits than simply improving fitness since they can induce neurobiological, functional and structural changes associated with cognition and psychiatric symptoms. The literature, for example relates reduced executive function to reduced capacity to perform ADL [@R99] and argues that exercise, especially exercise related to improving or learning motor tasks (a form of procedural learning), can improve executive function. Additionally, other extrinsic and intrinsic factors, such as reducing reliance on pharmacological interventions and decreasing levels of depression, can be addressed by the increases in self-efficacy and self-image associated with exercise training [@R11], which we and others have shown in preliminary studies.

Measuring objectively other physical performance factors isolates the individual's movement-related or motor performance-related capacities and has the potential to define clearly targets for selective interventions. Assessment can be made within the context of socio-cultural roles and environmental constraints [@R76], and provides quantification of wellness variables (i.e., sarcopenic obesity, mobility) that are well known in epidemiology research, easily obtained, but not commonly assessed in diagnostic batteries evaluating schizophrenia [@R182].

Altogether, physical performance factors, physical capacity and physical activity, comprehensively measured, add highly meaningful variability to ADL performance independent of health status or physical disability [@R181]; [@R193] and potentially have an *[even greater]{.ul}* adverse impact in schizophrenia than in the general population. Domains of physical performance, neuromuscular and psychomotor deficits are all eminently modifiable in the general population, and as we have shown, in schizophrenia [@R182]. We believe that an accurately defined 'holistic approach' to disability reduction in schizophrenia, accounting for these domains, offers tremendous opportunity to move the disability burden in a positive direction. The salutatory effect of physical exercise on cognitive improvements, consistently shown in mentally healthy participants across all age-groups, is one of many opportunities to start, and has already shown efficacy in other mental and neurodegenerative disorders as well [@R185]. Physical health benefits are a welcome addition to standard care that may well initiate a feedback cycle to improve ADLs, underlying neurobiological and treatment-emergent motor deficits of schizophrenia aside. If properly implemented, improving physical performance in schizophrenia may lead to meaningful reductions in disability, including changes in difference factors like symptoms and cognition, beyond what can be achieved with current approaches.

Given the accelerated patterns of aging and declines in physical capacity due to inactivity, as well as cognitive and skills decline, and social disengagement, the intervention model developed for aging provides a working template for schizophrenia. A flow chart, showing the interactions among fitness parameters, independence and health-related factors, and training interventions, is presented in [Fig. 2](#F2){ref-type="fig"}. The unique model represents the novel approach we have taken to exercise intervention in these patients. Four training interventions, strength and hypertrophy-based resistance training, high-speed training, circuit training (with or without resistance) and interval training, all have the distinction of addressing both independence-oriented (ADL performance) and health-related (body composition, cardiovascular risk, and metabolic health) factors. The majority of the exercise interventions in schizophrenia have concentrated on standard steady-state aerobic exercises; often coupled with progressive resistance and body relaxation elements [@R39]; [@R90]; [@R155]; [@R194].

When considering improvements in functional limitations and physical disability in individuals\' strength and hypertrophy training programs, employing the typical progressive resistance training patterns has been shown to have a modest and selective impacts [@R117]; [@R123]. Additionally, the consensus is that the limitations associated with ADL performance are predominantly neuromuscular, and not cardiovascular in nature [@R158], although over time declines in aerobic capacity may eventually contribute to losses of independence, increased incidence of disability and reduced quality of life [@R129]. Studies comparing power and strength training have shown that power training has a greater capacity to improve function in older persons [@R108]; Miszko et al., 2003. Our laboratory and others have shown that power is best increased using moderate load, high-speed training [@R8]; [@R60]; [@R132]; [@R140]; [@R171], [@R172]; [@R189].

Although the classic exercise intervention used to increase cardiovascular fitness, produce positive changes in body composition and address factors associated with metabolic syndrome is steady-state training using a target heart rate, other training methods, classically categorized as "anaerobic" training often prove as effective, if not more effective than this technique. Notably, in populations from athletes to heart failure patients, interval training has produced greater increases in VO~2max~ using a lower training volume [@R44]; [@R72]; [@R87]; [@R211].

Circuit resistance training constitutes a very special instance of interval training where intensity is increased by applying an external load using free weight or weight stack, pneumatic, hydraulic or elastic resistance. Circuit resistance training can improve cardiovascular condition through a combination of increased capillary and mitochondrial density, increased concentrations of oxidative enzymes and enhanced triglyceride use [@R163]; [@R209]. Further indications of the effective cardiovascular overload offered by circuit resistance training are offered by the results of a number of studies that have shown significant increases in excess post-exercise oxygen consumption (EPOC) that rival, and in the early stages of recovery exceed, those produced during longer duration, steady state, aerobic training [@R16]; [@R18]; [@R43]; [@R80]. For example, [@R191] found that high-speed, short duration intervals have a more dramatic effect on central obesity and fasting insulin levels than traditional steady state aerobic training. Other researchers have reported the benefits of interval training on body weight [@R48]; [@R81]; [@R190], BMI [@R48], waist circumference [@R48]; [@R137], blood pressure [@R81]; [@R137]; [@R190], homeostatic model of insulin sensitivity (HOMA) [@R137]; [@R190], blood lipoproteins [@R48]; [@R81]; [@R137], myocardial function [@R48], endothelial function [@R190], and the muscle and systemic adaptations in oxygen consumption and fat oxidation [@R81]; [@R137]; [@R190], and in many cases reported changes superior to those seen with continuous steady-state training [@R81]; [@R190]. In addition to these physiological changes noted above, positive transcriptional changes have also been reported with high-speed interval training that can reduce cardiovascular risk factors in patients with metabolic syndrome [@R25]; [@R177].

5. Schizophrenia, brain function and physical exercise {#S17}
======================================================

There are clear cognitive benefits of physical exercise in healthy and diverse mentally ill populations ([@R38]; [@R89]), reaching beyond improvements in health and physical functioning alone ([@R57]; [@R115]; [@R196]). Regular physical exercise induces neurobiological, functional and structural brain changes associated with cognition (and by inference, functional capacity) and psychiatric symptoms. fMRI data show that regular physical activity disproportionately improves tasks that necessitate greater amounts of executive control, located within the PFC ([@R52]), and, very well documented, memory, with compelling growth effects on hippocampal structures ([@R121]; [@R188]). Hippocampal and temporal lobe volumes are larger in higher-fit adults ([@R55]), and hippocampal volumes mediate improvements in memory. Exercise training increases cerebral blood flow [@R23] and neurogenesis in the dentate gyrus ([@R159]), improving pattern separation ([@R165]). Changes in serum BDNF are associated with changes in hippocampal volume ([@R122]). The hippocampus is rich in BDNF, and BDNF levels increase with exercise in rodents and humans ([@R37]). BDNF, a putative mediator of neurogenesis ([@R197]), contributes to dendritic expansion, and in conjunction with VEGF, is critical for memory formation ([@R61]; [@R104]; [@R152]). Moreover, physical exercise produces antidepressant effects via the peptide precursor of neutrotropic factors, VGF or serotonergic 5-HT1a receptors ([@R14]; [@R126]) and via neurogenesis ([@R101]); with commensurately increased production of neurotrophic factors, including insulin-like growth factor 1, BDNF and VEGF ([@R33]; [@R36]; [@R164]).

Several small trials in chronic schizophrenia, using mostly low to moderate intensity cardiovascular exercise, show improvements in both positive and negative psychotic symptoms with only one exception ([@R86]), and in quality of life. Effects of physical exercise on cognition in schizophrenia have rarely been measured, and have never been measured comprehensively; effects on functional capacity have never been measured. The one available study [@R151] showed improvement in memory after a routine 12-week cardiovascular exercise program in chronic schizophrenia, increasing relative hippocampal volume by 12%, with no change in a non-exercise group (−1%). Changes in hippocampal volume in the exercise group were correlated with improvements in aerobic fitness (VO~2max~) (r= 0.71;P = .003). Improvements in short-term memory were correlated with changes in hippocampal volume (r = 0.51; P \< .05). Other, scarcely available studies show mixed results on brain volume, owing to small samples and perhaps, low exercise intensity ([@R58]; [@R183]). We have recently completed a pilot study using the multimodal exercise model depicted in [Fig. 2](#F2){ref-type="fig"}, and have achieved significant improvements in cognition after 12 weeks of training (Strassnig et al., in preparation).

Considerable data support neuronal restructuring of the motor system specific to motor pattern training. These changes have been reported in the motor cortex ([@R91]; [@R96]; [@R106], [@R107]), basal ganglia ([@R47]; [@R114]), and cerebellum ([@R139]; [@R186]). Increasing evidence suggests that interventions promoting more involvement in activities that are both cognitively and physically stimulating optimize brain structure and function ([@R17]; [@R56]; [@R160]) **if** the trained skills are challenging to master, but successfully acquired ([@R42]). The types of training shown to be effective involve processes related to associative learning, spatial learning, and even new physical skills ([@R74]; [@R110]; [@R170]; [@R214]), all of which are emphasized in more complex exercise interventions as opposed to steady state cardiovascular exercise. This is because newly generated neurons will be integrated with the coded restructuring of the motor system to further increase physical capacity, especially if the patterns of movement (kinetic chains) are imitative of ADL and IADL performance.

5.1. Adherence {#S18}
--------------

Adherence rates of schizophrenia patients to physical exercise may not differ much from those in other groups, but have not been formally established in controlled trials of sufficient size and quality ([@R127]; [@R162]). Individuals with schizophrenia and 'normal' sedentary members of the population do not differ widely in their attitudes to exercise [@R59] In fact, a survey we completed in 143 patients with chronic schizophrenia showed a desire to exercise, but limited resources and know-how ([@R178]). Our own preliminary exercise studies identify the availability of *transportation* as an important factor for adherence; another important factor appears be limited know-how about physical exercise which can be addressed through thorough on-site explanation of procedures, assessments, and training modules. Moreover, physical training must be started slowly, so that participants can get comfortable with exercise, without experiencing side effects such as protracted muscle soreness or shortness of breath that could be experienced as deterrents from further exercise. We have observed in our pilot studies that schizophrenia patients are very appreciative of the general supportive atmosphere, the camaraderie and peer support, and the availability of an exercise facility for their enjoyment, and availability of knowledgeable support staff (for many participants, our exercise pilot studies were their first opportunities to work out in a gym setting). Motivational aspects should be addressed prior to commencing exercise. Motivational interventions have been piloted to facilitate exercise interventions in schizophrenia ([@R9]).

6. Summary and direction {#S19}
========================

Given the patterns of premature aging, increased obesity, reduced daily function and increased metabolic and cardiovascular risk, and the information detailed above concerning the specific changes induced by selected training modalities, we are currently examining the application of a unique multimodal skills-specific high-speed circuit training program as a multifaceted exercise intervention for schizophrenia patients. Aside from clear benefits of multimodal exercise on physical health and ADLs, potentially the most important argument in favor of our current research is the fact that these training programs may improve cognitive parameters and skills more so than traditional steady state cardiovascular training, thereby potentially providing synergistic or even interactive benefits for disability reduction, setting aside health benefits.
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